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ABSTRACT  
This paper presents the results of a field test of a multi-parameters' monitoring network using FBGs adapted directly in 
the conventional instruments of two dams which are in full operational capability. We presented the details of the design 
and tests of the sensor’s network, such as, the sensors adaptation, the resolution comparison between the conventional 
instruments and the FBGs, the network topology, the spectral occupancy distribution considering the parameters optical 
bandwidth and also the temperature compensation for FBGs, the number of sensors by fiber and the performance of the 
FBGs sensors compared with the conventional instruments used in the Dams.  
Keywords: FBG, Dams monitoring, Structural health monitoring, Water level FBG sensors, Pressure FBG sensors, 
Displacement FBG sensors 
 
1. INTRODUCTION  
The dam’s structures of hydroelectric power plants are constantly subjected to large mechanical stresses. Concurrently, 
occurs the aging of its materials along the time, making it important to continuous monitoring to ensure the integrity and 
safety of structures. Monitoring tools must be developed and used in the operation and maintenance procedures, in order 
to ensure that the structures remain within the design's specifications. In this context, the use of fiber optic sensors for 
civil engineering has emerged as a safe and innovative alternative [1]. FBG (Fiber Bragg Grating) technology has the 
advantages of linear frequency variation with the measured signal intensity, passivity and easy construction of networks 
of sensors in a single fiber.  
Many applications of FBGs have been proposed for use particularly in dams. [2-8]. In [2] the authors focus on solving 
key practical challenges for several existing and new large spans, such as, bridges using FBG. In [3] the authors describe 
practical FBG encapsulation techniques for use in civil engineering. In [4] the authors describe the implementation of a 
large sensing network based on fiber optic sensors for the structural health monitoring of a new five arch stone bridge 
where the implemented instrumentation used four different types of FBG were specially developed for measuring 
temperature, strain and displacement in several critical points of the structure. In [5] the authors discussed the uses of 
FBG in the dam’s construction process for long-term monitoring. In [6]-[7] the authors describe a FBG based automatic 
monitoring system for the simultaneous measurement of concrete segment joints in a hydro power dam where several 
sensors were installed and in [8] the authors describe a development of an autonomous FBG monitoring system for block 
joint movements based on fiber optic strain measurements applied in a concrete arch dam. 
In dams already built and in operation the embedding of the FBGs sensors in the physical structures of the dams is not 
easy and cost-effective. In this case, other approach has to be applied. In this paper, we present the results of a field trial 
of a multi-parameters' monitoring network using FBGs specially packaged to adapt directly in the conventional 
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instruments of two dams (triorthogonal, shaft extensometer, rockfill flow-through, concrete flow-through, standpipe 
piezometer, water level gauge and settlement gauge) which are in full operational capability. The FBGs were rigorously 
specified to adapt in the conventional dams’ instruments, taken in account its particular working range. In some cases 
new FBGs had to be specially developed to adapt to the real conditions of the dams. 
We present the details involved in the design of the sensor’s network, such as, the sensors adaptation, the resolution 
comparison between the conventional instruments and the FBGs, the network topology, the spectral occupancy 
distribution considering, the number of sensors by fiber and the performance of the FBGs sensors compared with the 
conventional instruments used in the dams. 
2. CONVENTIONAL INSTRUMENTS AND FBG SENSORS ADAPTATION 
2.1 The Dams 
The specific characteristics of the dams involved in this project (BAESA and Foz do Chapecó) pose a great challenge in 
the monitoring area of civil structures. BAESA has face rockfill concrete dams of great height of 183 m.  Foz do 
Chapecó in turn consists of rockfill dam with asphaltic core, being the pioneer of this type in Brazil. The following 
effects or parameters have been monitored: percolation flow, displacement or deformation of joints, cracks and fissures 
expansion, water level, water pressure, water reservoir level. Figure 1 shows the external view of dams. 
(a) (b)
 
Figure 1. Photos showing the external view of dams: (a) BAESA and (b) Foz do Chapecó. 
As we commented in the previous section, the FBG sensors will be adapted in the some conventional instruments used in 
dams. Not all types of conventional instruments have been contemplated. Next, we will detail the instruments 
contemplated. 
2.2 Displacement Instruments 
The displacement instruments, such the ones shown in Figure 2 have been considered for FBGs adaptation to be used in 
the dams. The triorthogonal meter (Figure 2(a)) measures the displacements between concrete joints and fractured zones 
in rocky massifs. The shaft extensometer (Figure 2(b)) and multiple shaft extensometer (Figure 2(c)) measure the 
deformations of the foundation in relation to the anchor point of its shaft.  
(a) (b) (c)
 
Figure 2. Some types of conventional displacement instruments used in dams: (a) triorthogonal meter, (b) shaft extensometer 
and (c) multiple shaft extensometer. 
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The measurement of displacement in the triorthogonal meter (Figure 2(a)) and in the shaft extensometer (Figure 2(b)) is 
made using a dial indicator and for multiple shaft extensometer a ruler is used. 
2.3 Water Level Instruments 
The water level instruments, such the ones shown in Fig.3 have been considered for FBGs adaptation. The flow-through 
rockfill (Figure 3(a)) or concrete (Fig. 3(b)) measures the flow of water that occurs through the dams. The standpipe 
piezometers (or water level gauge) (Fig.3(c)) measures the level of the water in the piezometer tubes, that alows knowing 
the uplift pressure acting at the site of the dam. The settlement gauge (Fig.3(d)) measures the vertical deformations 
occurring in earth dams. 
(a) (d)(c)(b)
 
Figure 3. Some types of conventional water level instruments used in dams: (a) rockfill flow-through (b) concrete flow-
through and (c) standpipe piezometer or water level gauge and (d) settlement gauge. 
2.4 FBG Sensors Adaptation in the Conventional Instruments 
The sensors adaptation in the conventional instruments of the dams required special characteristic for FBG packaging. 
For the FBG extensometers, the best packaging profile is the cylindrical, because using this format the adaptation in the 
conventional instruments is easier. Figure 4 shows some types of commercial FBG sensors chosen for use in the sensors' 
network. Figure 4(a) is a special packaged water level sensor, Figure 4(b) is a pressure gauge sensor, Figure 4(c) is a 
special water level sensor designed to measure water levels less than 2 m and 4(d) is an extensometer sensor. 
 
Figure 4. Commercial FBG sensors packaged in cylindrical profile: (a) water level, (b) pressure gauge, (c) water level, and 
(d) extensometer. ATGrating supplied the sensors. 
For water level instruments, the best packaging is also the cylindrical format. The application for standpipe piezometer 
requires a thin diameter less than 17 mm (Figure 4(a)) since the internal standpipe piezometer is around 19 mm. This 
characteristic demands a special FBG packaging.  
Proc. of SPIE Vol. 9852  98520K-3
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/27/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
We designed mechanical interfaces to adapt the commercial FBG sensors in the measuring points of triorthogonal and in 
the shaft extensometers. Figures 5(a) to 5(c) show the FBG sensors fixed in the conventional displacement instruments. 
Using the mechanical interfaces, the adaption procedure was very practical (plug-and-play). The simultaneous 
measurement using optical sensors and the conventional way is not always possible. For triorthoganal instruments 
(Figure 3(a)), a new setup was installed in parallel with the original instrument to accommodate the optical sensor. For 
the shaft extensometers (Figure 3(b)), it was not possible to obtain the conventional measurements. For multiple shaft 
extensometers (Figure 3(a)), the conventional measurement can be done with the optical sensor installed in the shaft. 
 
Figure 5. Adaptation of FBG sensors in the conventional displacement instruments: (a) triorthogonal meter, (b) shaft 
extensometer and (c) multiple shaft extensometer. 
The FBG sensors for water level and pressure measurements required few adaptations. Figure 6(a) shows a pipe with the 
sensor inside installed in parallel with the pipe of the conventional instrument to measure rockfill flow-through. Figure 
6(b) shows a pipe with the sensor inside to measure concrete flow-through. Figure 6(c) shows a piezometer tube with the 
sensor inside to measure water level. Figure 6(d) shows a FBG pressure sensor in parallel with a manometer and finally 
Figure 6(e) shows the FBG sensor inside a pipe working as a settlement gauge. FBG water levels sensors were also used 
to monitor the water level of the dams’ lake (upstream and downstream). Table 1 shows the quantity and the ranges of 
FBG sensors installed in each dam. 
 
Figure 6. Adaptation of FBG sensors in the conventional water level instruments: (a) rockfill flow-through (b) concrete 
flow-through and (c) standpipe piezometer or water level gauge, (d) pressure and (d) settlement gauge. 
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Table 1. Quantity and ranges of FBG sensors installed in each dam. 
FBG Sensor types Foz do Chapecó Baesa FBGs Quantity Ranges 
Triorthogonal meter 2 3 15 0 - 3 mm 
Shaft extensometer 2 2 4 0 - 30 mm 
Multiple shaft extensometer 0 1 1 0 - 100 mm 
Manometer 1 1 2 0 - 0.54 MPa 
Rockfill flow-through 0 1 1 0 - 2 mH2O 
Concrete flow-through 0 1 1 0 - 1 mH2O 
Standpipe piezometer 1 3 4 0 - 10 mH2O 
Settlement gauge 0 1 1 0 - 2 mH2O 
Reservoir water level 2 2 2 0 - 10 mH2O      0 - 55 mH2O 
Total   31  
3. DESIGNING THE FBG SENSORS NETWORK 
3.1 Designing the optical network bandwidth 
To design the sensors network considering the optical bandwidth, the key parameters to consider are defined as follows. 
BParam = Spectral bandwidth of each FBG sensor due to measured parameter (nm). 
BTemp = Spectral bandwidth of each FBG sensor due to temperature compensation (nm). 
BInt = Spectral bandwidth of the sensors interrogator (nm). 
The limitation for bandwidth is given by: 
 ( ) ( ) ( )TempParamiTempParamTempParamInt BBnBBnBBnB +++++≥ ...21                                                                 (1) 
 
Where n1, n2, and ni are quantities of each type of sensors connected in only one fiber plugged in the interrogator. 
Typical BInt is 38 nm in 1550 nm region for ASE (Amplified Spontaneous Emission) based EDF (Erbium Doped Fiber) 
is used or 80 nm for SLEDs (Superluminescent Light Emitting Diodes). 
Despite of the wide bandwidth of SLEDs many interrogators cannot operate in such bandwidth due to the spectral 
analyzer module limitation. 
The value of the parameters BParam and BTemp relies on the FBG suppliers. It is expected some variation of the sensors' 
bandwidth for each supplier.  
The displacement sensors used in this work have maximum BParam= 2 nm for displacement of 30 mm and maximum 
BParam= 6 nm for displacement of 100 mm. The maxim BTemp for displacement sensors is 1 nm, considering the operating 
temperature range = -10 to 60ºC. 
For the water level or pressure measurements the sensors have a maximum BParam= 3 nm for pressure of 55 mH2O, 
maximum BParam= 3 nm for water level of 10 mH2O and maximum BParam= 4 nm water level of 1 mH2O. The sensors 
packaging diameter and the water level range have influence in the maximum BParam parameter. The maximum BTemp for 
water level or pressure sensors is 1 nm, considering the operating temperature range = -10 to 60ºC. 
By using (1) and the key parameters for bandwidth described before we can elaborate an example for network bandwidth 
design: 
BParam = 2 nm for displacement of 30 mm. 
n1 = 3 (for 1 triorthogonal instrument) 
n2 = 4 (for 2 shaft extensometer) 
BParam = 3 nm for water level of 10 mH2O. 
n3 = 4 (for 4 water level gauge or standpipe piezometer) 
BTemp = 1 nm, considering the operating temperature range = -10 to 60ºC. 
BInt available = 38 nm 
Using (1) it results BInt = 37 nm < BInt available = 38 nm. 
 
Considering that water level gauges or standpipe piezometers have just a single fiber port, these devices should be used 
in the network far end as we commented before. We proposed the sensors’ network topology as shown in Figure 7. In 
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this sensors network topology one interrogator can manage n links of optical fiber containing (n1+n2+n3) sensors. In this 
figure, the sensors quantities and types are related to the example calculation detailed before. The water level gauges or 
standpipe piezometers were connected in the far end link in parallel by using a 1:4 optical splitter. The displacement 
sensors were connected in series.  
This topology has been adopted in the design of the dam’s sensors network. When the sensors with wide bandwidth 
(such as BParam= 6 nm for displacement of 100 mm) are used, the maximum sensors quantity is reduced. 
TRI = triorthogonal meter
EXT = extensometer
PIE = piezometer
WLG = water level gauge
1:
4
1   2   3
TRI
4   5   6   7
EXT
8
9
10
11
PIE or WLG
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TRI
4   5   6   7
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8
9
10
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Figure 7. Diagram of the proposed multi-parameter FBG sensors' network for the dams. 
Figure 8 shows a possible distribution of the sensors bandwidth in the spectrum of 1550 nm according to the calculation 
example detailed before. 
 
Figure 8. Possible distribution of the sensors’ bandwidth in the spectrum of 1550 nm according to the calculation example. 
3.2 Designing the optical network power budget 
To design the sensors network considering the optical attenuation, the key parameters to consider are defined as follows. 
 
PParam = Insertion loss of each FBG sensor due to measured parameter (typical = 0.1 dB). 
PTemp = Insertion loss of each FBG sensor due to temperature compensation (typical = 0.1 dB). 
DFiber = Maximum optical fiber link distance (1.0 km example). 
LSplices = Insertion loss of splices in the optical fiber link (typical = 0.1 dB). 
NSplices = Number of splices in the optical fiber link (typical = 23 for 11 sensors). 
LConn = Insertion loss of connectors in the optical fiber link (typical = 0.3 dB). 
NConn = Number of connectors in the optical fiber link (typical = 23 for 11 sensors). 
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LSplitt = Insertion loss of the splitter in the optical fiber link (typical = 6.5 dB for 1:4 splitter).
BFBG= FBG linewidth (typical = 0.7 nm).
LRefl= FBG reflectivity loss (typical = 1.5 dB for 70 % reflectivy). 
Po= Interrogator optical output power in the FBG linewidth (typical = -7.5 dBm).
SInt= Sensitivity of the sensors interrogator in the FBG linewidth (typical = -40 dBm for optical signal to noise = 6 dB).
The limitation for attenuation is given by:
( ) ( )[ ]flSplittConnConnSplicesSplicesFiberFiberTempParamoInt LLLNLNADPnnnPnnnPS Re321321 ++++++++++−≤ (2)
Using (2) and the typical attenuation values, it results SInt = -27.12 ≥ -40 dBm, therefore, in both calculations (bandwidth 
and attenuation) the sensors’ network attends the specifications.
3.3 Issues associated to the resolution and accuracy 
The resolution of the sensing system is determined mainly by the resolution of the FBG interrogator since in general it is 
larger than the FBG sensors. For example if the interrogator’s resolution is 50 pm and the optical band of a specific
sensor is BParam = 3 nm, the pixel points reserved for this sensor will be (3 nm/0.05 nm) = 60. The resolution will be 1/60
= 1.6 %.  
In some applications, e.g., reservoir water level this value of resolution is not satisfactory. For 10 m maximum reservoir
water level variation, the optical resolution is 0.16 m but the resolution will be 0.01 m using a millimeter ruler. The
resolution of the system could be improved more than 10 times by using computational algorithms of curve fittings. The
proposed system uses a computational algorithm of curve fittings available in LabView. 
The accuracy of the system defines how much a measurement deviates from the actual true value. It includes the
nonlinearities, hysteresis, and short term repeatability. Since the conventional instruments have better resolution, (by
using dial indicator and millimeter ruler), it is interesting to parametrize the dada of FBG sensors and the conventional 
instruments, i.e., equating the values of both systems in a specific date and observe the variations from this date. 
4. RESULTS OF FBG SENSORS PERFORMANCE
Next, we select some examples of data of the FBG sensors. We will show the data only it is possible the comparison with 
the conventional instruments. The data of the conventional instruments were obtained by visual inspection using dial 
indicators and rulers according the instrument. The FBG networks have been evaluated by 5 months. 
4.1 FBG Network Performance 
The sensors’ networks were installed according the rules defined in the section 3. The maximum quantity of optical 
sensors installed per link was 7 sensors (7 FBGs for parameters measurement and 7 FBGs for temperature
compensation). Figure 9 shows some examples of spectrum for six optical links in the Baesa dam and 3 optical links in 
Fóz do Chapecó. It is interesting to comment that in optical links using the total power budget of signals of the most 
attenuated sensors cannot be easily detected if an extra attenuation takes place. In a dam many factors can affect the 
optical attenuation of an optical cable, such as, collapsing stones, soil movement, etc. Figure 10(a) shows an example of
spectrum attenuation of the optical link corresponding to the gate 2 of the Baesa’s interrogator. Excessive bending of the
optical cable in a pipe transition (Figure 10(b) caused this extra attenuation.
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Figure 9. Examples of spectrum of the six optical links of Baesa dam and three optical links of Fóz do Chapecó. 
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B
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Figure 10. (a) Spectrum attenuation of the optical link correspondent to the gate 2 of the Baesa’s interrogator and (b) 
excessive bending of the optical cable in a pipe transition. 
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4.2 Displacement Sensors Performance 
Figure 11 shows the FBG sensors performance for four triorthogonal instruments. We can observe that for Figures 11(a) 
and 11(b) the conventional instruments data agrees very well with the data of FBG sensors. On the other hand, as 
observed the Figures 11(c) and 11(d) there are some differences between the data of conventional instruments and the 
data of FBG sensors. We are investigating the reason for these differences. The differences can be attributed to the use of 
a non-calibrated or a damaged dial indicator. In the dams’ galleries there is a humid atmosphere which can cause 
corrosion in delicate instruments. This fact proves the benefits of an optical monitoring system in dams.  
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Figure 11. Examples of four triorthogonal instruments monitored using FBG sensors: in (a) and (b) the data of conventional 
instruments agree very well with the data of FBG sensors, in (c) and (d) conventional instruments data do not agree very 
well with the data of FBG sensors. 
 
4.3 Water Level Sensors Performance 
Figure 12 shows the FBG sensors performance for reservoir water level (Fóz do Chapecó and Baesa respectively), 
manometers and flow-through application. We can observe that for Figures 12(a) and 12(b) the conventional instruments 
for the dam reservoir water level data agree very well with the data of FBG sensors. The same conclusion is valid for the 
manometer applications (Figure 12(c) Fóz do Chapecó and 12(d) Baesa).  
On the other hand, the in Figures 12(e) and 11(f) the conventional instruments data do not agree with the data of FBG 
sensors. The reason for this is probably the failure of the sensor to measure water levels below 2 m. This fact supports 
the necessity to improve the sensor technology to measure low water level. 
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Figure 12. Examples of FBG sensors performance for the application: (a) reservoir water level (Fóz do Chapecó), (b) 
reservoir water level (Baesa), manometers: (c) Fóz do Chapecó and (d) Baesa and flow-through application: (e) rockfill 
flow-through and (f) concrete flow-through. For flow-through application the water level measurement is converted in flow-
through. 
5. CONCLUSIONS 
This paper presented the results of a field test of a multi-parameters' monitoring network using FBGs adapted directly in 
the conventional instruments of two dams which are in full operational capability. We presented the details of the design 
and tests of the sensor’s network, such as, the sensors adaptation, the resolution comparison between the conventional 
instruments and the FBGs, the network topology, the spectral occupancy distribution considering the parameters’ optical 
bandwidth and also the temperature compensation for FBGs, the number of sensors per fiber and the performance of the 
FBGs sensors compared with the conventional instruments used in the Dams. 
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The results demonstrated that use of the proposed optical system is very useful for remote monitoring, helping the 
operation and maintenance technicians to ensure that the dam’s structures to remain within the design specifications. On 
the other hand, there is the necessity to improve the FBG sensor technology to measure low water levels.  
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